Spontaneous oscillations observed in various heart muscle preparations are widely thought to be triggered by spontaneous release of Ca2`from the sarcoplasmic reticulum (SR). Here, we report undamped propagated oscillations that occur in the absence of SR. In single cardiac myofibrils treated with Triton X-100 to remove SR and held isometrically, partial activation initiated periodic fluctuations of sarcomere length persisting up to 1 hour. Oscillation characteristics could be readily quantitated by virtue of the small size of the preparation. In an individual sarcomere, the oscillation cycle generally consisted of a slow shortening phase, followed by a phase of rapid lengthening. Oscillations usually propagated along the myofibrilfrequently along the entire specimenin a wavelike fashion (average velocity, 12.3 ,um/s at 10C; Qlo, approximately 1.3). The oscillation period was 2.30 and 1.72 seconds at 100 and 20°C, respectively, and was insensitive to stretch. The average oscillation amplitude, which was temperature independent, decreased with stretch from more than 20% of the mean sarcomere length at lengths below 2 ,im to zero beyond a sarcomere length of 3 jum. Stiffening of the Z line by labeling with anti-a-actinin resulted in a dose-dependent decrease of oscillation amplitude, while the period was not affected. Tension oscillations could not be detected in single myofibrils but were frequently detectable in myofibril doublets, where the oscillation magnitude (approximately 1 jig) was above the noise floor. Addition of 10 jimol/L ryanodine to the activating solution did not alter oscillation characteristics, as expected, since the oscillations are unrelated to SR calcium release. On the basis of our results, we consider a mechanism for the oscillations in which a length dependence of myofibrillar Ca'+ sensitivity and a dynamic Z-line structure are essential. (Circ Res. 1993;73:724-734.) 
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KEY WoRDs * spontaneous oscillations * single cardiac myofibrils * submaximal Ca2' activation * ryanodine * Z line Ca ardiac tissues and single heart cells frequently exhibit spontaneous oscillatory contractions. These contractions can occur both during the quiescent period following electrical stimulationl-6 and in unstimulated specimens.7-9 They are often manifested as propagating waves. [10] [11] [12] Since agents that interfere with sarcoplasmic reticulum (SR) Ca 2 loading and/or release, such as ryanodine and caffeine, abolish the oscillations,7""',13 they have been attributed to Ca`+dependent Ca ' release from the SR.'4'5 This is the generally accepted mechanism. 16 On the other hand, Fabiato and Fabiato"7 found tension and sarcomere length (SL) oscillations during partial Ca-2 activation in chemically skinned preparations. Because the SR of these canine and rat cardiac cells was assumed to have been removed by detergent treatment, the oscillations were thought to originate in the myofilaments. Recently, similar oscillations were reported by Sweitzer and Moss '8 during submaximal Ca`+ activation in Triton X-100-treated single rat heart cells. This activity could not be eliminated by ryanodine, implying again that the oscillations were not SR based. Neither group of investigators, however, was able to perform a detailed quantitative analysis of the character of the oscillations.
By using single cardiac myofibrils, we confirm that spontaneous undamped oscillations can occur at partial Ca'2 activation in specimens devoid of SR. These oscillations propagated in a wavelike fashion along the myofibril. Quantitation of the oscillations in terms of shape, period, amplitude, and propagation velocity was done by taking advantage of the small dimensions of the preparation: all myofibrillar sarcomeres were in view under the microscope, and their lengths could be measured during the oscillations with sufficient resolution. Thus, the myofilament-generated oscillations were characterized with a precision that would be difficult to obtain in experiments with papillary muscles, trabeculae, or even single cardiac cells. Based on this characterization, a mechanism for the propagated oscillations is hypothesized and considered in some detail.
Materials and Methods

Preparation of Myofibrils
Hearts from male New Zealand White rabbits (2.0 to 2.5 kg) were retrogradely perfused through the aorta with 4°C rigor solution [mmol/L: NaCl, 132; KCl, 5; MgCl1, 1; glucose, 7; N-tris(hydroxymethyl)methyl-2- .''t * -*<<J tr Vsf;g ) S RSIlM aminoethanesulfonic acid, 10, pH 7.1; EGTA, 5; and leupeptin, 0.051 at approximately 80 mm Hg for 5 minutes. While the heart remained immersed in the same solution, thin strips from the atrial or ventricular wall approximately 20 mm long (occasionally also papillary muscles) were dissected and tied to a thin glass rod with cotton thread. Specimens were stored in a mixture of 50% glycerol and 50% rigor solution at 00C for 12 hours and then placed in a freezer at -20°C. After storage for a minimum of 1 week, glycerinated tissue strips were minced, and the pieces were immersed in 4°C rigor solution containing 1% Triton X-100 for 1 to 2 hours. The minced tissue was then homogenized in a blender (Sorvall Omni Mixer) at a speed of 4000 rpm for 5 to 8 seconds in the same buffer.
Experimental Setup and Protocol
A drop of myofibril suspension was placed in a temperature-controlled specimen chamber (volume, approximately 300 gL; Fig 1, top) . Experiments were performed at a temperature of either 10±0.20 or 20±0.20C. Myofibrils were allowed to settle until they stuck lightly to the chamber bottom. One myofibril was then picked with two fine glass needles, one attached to a force transducer (see below) and the other to a piezoelectric motor (Fig 1,  bottom) . The axial motion of this motor could be controlled by a digital-to-analog output from a MacAdios board. Motor and force transducer were mounted on hydraulically controlled micromanipulators (Narishige), allowing motion of approximately 1 cm.
The tips of both needles were coated with a watercuring silicone adhesive (3145 RTV, Dow Corning), which was allowed to cure for at least 30 minutes before beginning the measurements. We selected only myofibrils with a rigor SL of 1.8 to 2.3 gm. Myofibrils stretched beyond an SL of 2.3 gm were discarded. Besides single myofibrils, we occasionally used doublets. In this case, laterally connected myofibrils always showed the same time course of oscillatory contraction and behaved like a uniform single myofibril.
With the myofibril held slack, relaxing solution (mmol/L: K2-EGTA, 15; magnesium methanesulfonate, 3; dipotassium methanesulfonate, 5; Na,-ATP, 4; disodium creatine phosphate, 16; MOPS, 117, pH 7.1; and leupeptin, 0.05; with KOH added to adjust the ionic strength to 200 mmol/L) was infused into the chamber. Component concentrations were calculated using a computer program19 based on solution algorithms developed by Fabiato and Fabiato.20 While in the relaxing solution, the myofibril was extended until all slack was removed between the fixed ends. Then, to activate the myofibril, relaxing solution was replaced by partial activating solution (pCa 6.0 or 5.5; ionic strength, 200 mmol/L; pH 7.1). Components of these solutions were calculated similar to those of the relaxing solution, except that the appropriate amount of calcium methanesulfonate was added, and MOPS concentration was decreased. 19 In some experiments, ryanodine (10 ,umol/L) or inorganic phosphate (KH2PO4, 10 mmol/L) was included in the activating solution. Some myofibrils were labeled with monoclonal anti-a-actinin (stock No. A-7811, Sigma Chemical Co, St Louis, Mo)21 22 to stiffen the Z disk. After 20 minutes of exposure to the antibody (diluted in relaxing solution; temperature, 20°C), the specimens were washed with fresh relaxing solution. Z-line labeling was detected as a distinct increase of optical density of the Z-line region, measured by imageprocessing software (National Institutes of Health Image Program, public domain software).
Electron Microscopy
A small amount of the myofibril suspension was fixed in relaxing solution containing 2.5% glutaraldehyde and centrifuged. After postfixation with osmium tetroxide in sodium cacodylate buffer, the specimens were conventionally passed through an ethanol series for dehydration (50%, 70%, 80%, and 100%) and washed in 100% acetone. The specimens were then embedded in Epon 812/Araldite M. Ultrathin sections were examined in an electron microscope (80 kV, model EM-1200 EX II, JEOL Ltd, Tokyo, Japan).
Force Transducer
The force transducer was developed specifically for use with single myofibrils.23 Briefly, an optical fiber (diameter, 70 ,um) is used as a stiff displaceable beam of known length and compliance. At the distal end of the fiber, an emitted cone of light is incident on a pair of receiving optical fibers. Tension is exerted on the flexible light-emitting fiber by the attached myofibril. Deflection of the light beam due to this tension is monitored differentially by the two receiving fibers. When the beam stiffness, length, and change in received light (measured voltage) as a function of deflection are known, the force generated by the attached myofibril can be calculated.24 With a beam length of 6 mm, the resonant frequency of the transducer is 500 Hz, and its compliance is approximately 0.016 ,um per microgram force. It is able to resolve forces down to 0.5 to 0.8 ug. Myofibril Imaging and SL Measurement Myofibrils were imaged in an inverted microscope (Zeiss Axiovert 35) using a phase-contrast objective age was projected onto a linear 512-elemernt photodiode array (Reticon Electronics). Repetitive scanning and digitization of the photodiode signal (interval between each scan, 62.4 milliseconds) were done by a MacIntosh II computer with a MacAdios analog-to-digital board. SL was measured by calculating the distance, in pixels, between the centers of mass of A bands. 25 Resolution was approximately 50 nm (see Fig 3) .
Alternatively, myofibril images were recorded using a high-resolution Sony XC-77RR CCD video camera and a Mitsubishi BV-1000 Super VHS recorder (see Fig 1  top ).
Measurement of the Propagation Velocity
The lengths of several contiguous sarcomeres were plotted as a function of time for a 14-second period. From the phase difference between peaks of maximum or minimum SL, we could determine the time required for the displacement of an SL peak from one to the next sarcomere. This time, together with the known length of each sarcomere, was used to calculate the propagation velocity.
Results
Characterization of Oscillatory Contractions
Spontaneous undamped sarcomeric contraction and relaxation cycles generally began 5 to 30 seconds after replacement of relaxing solution with partial-activating solution (pCa 6.0). An example is illustrated in Fig 2, top. A periodic displacement of the striations due to repeated shortening and lengthening of individual sarcomeres was observed. All but the two outer sarcomeres of the myofibril exhibited distinct spontaneous length fluctuations. These length changes seemed to occur in the I bands of the sarcomeres rather than in the A bands. In most preparations, the oscillations originated at one end of the myofibril. In such cases, we observed a wavelike propagation of local contraction over several sarcomeres or, often, along the entire myofibril. Occasionally, the point of origin could shift to the opposite end of the myofibril. In some experiments, the sarcomeric contraction pattern was irregular, and it was difficult to judge whether a contraction was initiated in only one region or in several regions of the myofibril.
The oscillations usually continued over a period of 5 to 10 minutes and then suffered a slow progressive decline in amplitude. Strong oscillations could be reinitiated by the addition of a fresh drop (approximately 10% of chamber volume) of partial-activating solution. Repetition of this process (three to four times) generally resulted in prolonged, energetic, oscillatory activity; frequently, such activity could be observed for as long as 1 hour.
In some experiments, we failed to induce spontaneous sarcomeric oscillations under the usual conditions with pCa 6.0. In such cases, the oscillations could be initiated by adding activating solution with pCa 5.5. We found this phenomenon especially in myofibrils prepared from tissue that had been glycerinated for more than 3 weeks.
We examined myofibrils under the electron microscope to test whether the oscillations might be a result of incomplete removal of SR. Fig 2, removing the longitudinal SR. Only infrequently, membranelike residues that appeared to be swollen because of the skinning procedure were associated with Z disks or M lines. Such residual membrane vesicles cannot account for the observed phenomena via a calcium release/uptake mechanism, since, in control experiments with ryanodine, oscillation characteristics were unchanged (see below and Fig 6, bottom left). We conclude that in the myofibril preparation after skinning by detergent, intact SR is completely absent.
Propagation
Propagation along the entire myofibril To characterize the oscillations, we applied an algorithm used to measure the lengths of successive sarcomeres. In Fig 3, top, an li-sarcomere-long single myofibril is shown to oscillate in a regular fashion. A contractile wave originated at the lower end of the specimen and repeatedly propagated toward the upper end. With the algorithm, we measured the lengths of the consecutive sarcomeres 1 through 5 over the course of time.
The results of these measurements are shown in Fig  3, bottom. All sarcomeres exhibited distinct cyclic length change around a mean value of 2.1 jim that was quite uniform along the myofibril. The relatively high noise level associated with each tracing sometimes tended to obscure the exact shape of the cycle (see tracing 4). In this particular experiment, the oscillation amplitude of most sarcomeres reached 0.5 jm or more, or approximately 25% of the average mean SL. However, this amplitude varied from sarcomere to sarcomere. Also, it could vary slightly in a given sarcomere over the course of time (see tracing 3).
The average period was similar in all of the sarcomeres investigated in the experiment shown in Fig 3, with a value of 1.9 seconds (temperature, 10°C). In contiguous sarcomeres, respective oscillations had a phase difference of approximately 150 milliseconds, from which we calculated a wave velocity of approximately 14 jim/s. A striking characteristic of the oscillations is that their cycle was usually asymmetric; shortening was slow and lengthening fast (see tracings 1, 2, 3, and 5 in Fig 3) . Often, as in Fig 3, bottom, the lengthening occurred within the 62.4-millisecond interval between two successive scans.
The experiment of Fig 3 is representative, although the amplitude was relatively higher than average (for a summary of measurement at different SL, see Fig 6) . Approximately half of the specimens exhibited propagation along the entire length.
Limited propagation. Contractile waves sometimes did not propagate along the entire myofibril. An example is demonstrated in Fig 4, 
Effect of Stretch
Myofibrils were stretched to a series of average SLs, and the effect on the oscillations was measured. A representative result is shown in Fig 5. Here, the average length of 10 contiguous sarcomeres is plotted against time. Peak-to-peak amplitude of oscillation decreased substantially beyond an SL of 2.4 jim and approached zero at approximately 3.0 gm. The period appeared slightly decreased on stretching from 2.25 to A summary of results of these stretch experiments is shown in Fig 6. At a temperature of both 10°C (Fig 6, top left) and 20°C (Fig 6, top right) , periodicity did not change significantly from shortest to longest sarcomere lengths. In contrast to period, the amplitude of oscillation (at 100 and 20°C) decreased gradually with stretch from more than 20% of mean SL at the shortest lengths, until oscillations stopped altogether beyond an SL of 3.0 ,um.
It is worth mentioning that, in most specimens, myofibrils did not break, even when stretched to SLs up to 7 to 8 ,um. 
Temperature Effect
Raising temperature by 10°C shortened the average period from 2.30+ 0.51 (mean+ SD) seconds (n= 149) to 1.72±0.33 (mean+SD) seconds (n=65). Thus, in terms of oscillation frequency (reciprocal of oscillation period), Q1o was approximately 1.3. Oscillation amplitude, however, was unaffected by temperature, as demonstrated in Fig 6, top left and right.
Effects of Ryanodine
At concentrations of approximately 10 ,umol/L, ryanodine is known to inhibit spontaneous Ca2' release from the SR.26 On addition of ryanodine in this concentration to the activating solution, we expected no effect on oscillation characteristics, since the specimens used in these experiments are free of functional SR, as confirmed in electron micrographs (Fig 2, bottom) . Fig  6, bottom left, shows, indeed, that no essential differences were found. When ryanodine was added, the period (average value, 2.51±0.40 seconds; n=37) changed insignificantly with stretch (compare with Fig 6, top left), and amplitude decreased with stretch in a manner similar to that in Fig 6, top left and right.
Effect ofAnti-a-Actinin Binding
To test the effect of Z-disk stiffening on the oscillations, we used an antibody against a-actinin,i 22 a protein thought to comprise a major part of the Z filaments.27 On antibody binding, cross-linking of these Z filaments was expected728 and indeed, the Z lines remained relatively stiffer than under normal conditions. Anti-a-actinin binding was detected as a distinct increase of optical density of the Z-line region. This increase, measured with image-processing software, at an antibody dilution of 1:1000 after a typical exposure time of 20 minutes (temperature, 20°C), was approximately 250% of the control values. Z-line stiffening was confirmed by the observation that, with sarcomere stretch, the Z line remained narrow and well aligned, in contrast to the control Z line, which broadened irregularly with stretch and appeared increasingly deformed. Oscillation amplitude was inhibited by antibody labeling in a dose-dependent manner (Fig 7) . At a dilution of 1:1000 the antibody had almost no effect on the amplitude, whereas at a dilution of 1:50 oscillations were fully suppressed. On the contrary, the average period was similar at all dilutions and was not significantly different from the control values at 200C (1.81±0.41 versus 1.72±0.33 seconds, n=62 and 65, respectively). In spite of antibody-induced suppression of oscillations, the antibody had no effect on active tension. At partial activation, absolute force levels were indistinguishable from control values. 
Tension Measurements
Detection of tension oscillations. Force oscillations could not be detected in single myofibrils, even when the SL oscillations were regular and propagated along the entire specimen. We assumed that the oscillation amplitude might be below the detection level of the force transducer (0.5 to 0.8 ug, top two tracings in Fig   8) . Indeed, in myofibril doublets, force oscillations could usually be detected (Fig 8, tracing 3 ). In this experiment, a contractile wave began at one end of a 16sarcomere-long myofibril and propagated along the entire specimen. Length (Fig 8, tracing 4) and tension oscillations showed a distinct correlation: lengthening was accompanied by a decrease of tension; shortening, by an increase of tension. The amplitude of the force oscillation was only slightly higher than 1 ,ug or, compared with the tension developed at full activation, 3% of maximum force. This relatively low value explains the difficulties encountered in detecting force oscillations in the single myofibril, where the expected amplitude is approximately 0.5 ,ug, at the limit of resolution.
In some experiments with myofibril doublets, tension oscillations were undetectable. This was the case when SLs fluctuated rather independently of one other and no well-defined contractile wave could be found. Nor could tension oscillations be found in myofibrils in which contractile waves were initiated at multiple foci.
Effect of inorganic phosphate on tension oscillations. Since it is known that millimolar concentrations of inorganic phosphate (monoprotonated or diprotonated) substantially decrease active tension, we tested whether the addition of 10 mmol/L KH2PO4 to the partial- activating solution would affect the amplitude of tension oscillations. In three myofibril doublets that exhibited force oscillations with amplitudes of approximately 1 ,mg, the addition of 10 mmol/L inorganic phosphate did not noticeably suppress the amplitude of tension oscillations.
Discussion
Origin of the Oscillations
Spontaneous oscillations in cardiac cells or tissues are widely thought to be due to cyclic spontaneous fluctuations of intracellular Ca2' triggered by the SR. '14'5 However, a few reports exist that describe oscillations in preparations in which the SR was assumed to have been removed by detergent treatment.17 '8 In the present study, several issues are addressed to help resolve the confusion. One issue is whether residual SR in the detergent-treated preparations might still play a role in the initiation of the oscillations. We confirmed in electron micrographs that neither intact SR nor any other obvious Ca2' sink such as mitochondria are in proximity to the single myofibril preparation. Furthermore, control experiments with 10 ,umol/L ryanodine added to the partial-activating solution showed no significant alterations of oscillation characteristics. Thus, it is clear that, at intermediate Ca24 activation, undamped propagating oscillations can occur in cardiac preparations devoid of SR.
Comparison Between SR-Dependent Oscillations and Findings of the Present Study
The SR-dependent oscillations reported elsewhere and the myofilament-generated oscillations reported here show several characteristic similarities. First, in the former preparations of single cells or multicellular specimens, depending on experimental conditions (ex-tracellular Ca2' concentration, temperature, and species), the spontaneous oscillations generally occur with a periodicity ranging from less than 1 second to up to 20 seconds.8 '12,29 In the present study, the periodicities were in the range between 1.2 and 3 seconds. Thus, the period was roughly of the same order of magnitude. Second, in both types of preparations, the oscillations propagate from sarcomere to sarcomere as contractile waves.10'12'18,29 These waves either travel over only part of the preparation and then stop, or they can travel along the entire specimen.
On the other hand, the two sets of oscillations exhibit some differences. First, the oscillations reported here occurred regularly, in contrast to a more irregular occurrence of SR-dependent oscillations (although in the latter case, an increase of the extracellular Ca2+ concentration often results in a more regular "beating" pattern15). A second point concerns propagation velocity: In single myofibrils, we measured an average propagation velocity of 15.5 ,um/s at 20°C. In SR-dependent oscillations, propagation velocities are in the range of 30 to 150 ,um/s at room temperature (dependent on Ca2+ load).10"2'29 In single cells, by using fura 2 and indo 1 fluorescence techniques, wavelike contractions were recently shown to be accompanied by Ca'+ waves,303 which propagated at velocities of 80 to 100 ,um/s at 22°C. Thus, in preparations with intact SR, propagation velocities are somewhat higher than in the single myofibril.
As far as we can tell, characteristics of the oscillations in the two preparations are not identical. The two sets of oscillations could therefore arise from different phenomena. On the other hand, the similarities of some features imply that oscillations could have a common origin, any remaining differences arising out of secondary factors. The element common to both preparations is the myofilaments. Since, in myofilaments, Ca24-binding proteins such as troponin C are assumed to be essential for regulation, one could envision that the actions of Ca'+ also play a central role in the oscillations: In the SR-free myofibrils, the oscillations could involve spontaneous periodic binding and unbinding of Ca24 to troponin C (see "Toward a Mechanism," below). In preparations with SR, the unbinding of Ca2+ could trigger Ca24 release from the SR. This would modulate the characteristics of propagation. Along this line of reasoning, the observed differences of oscillation characteristics between SR-containing and SR-free preparations could arise out of differences in secondary factors such as Ca 2+ concentration, ionic milieu, or tension level. Although these suggestions require further study, it is tempting to conclude that the component essential for the oscillations in both preparations is the array of myofilaments.
Myofilament-Generated Oscillations
To date, a number of observations have been made of oscillations originating in the myofilaments, and several of these have led to hypotheses.
Fabiato and Fabiato17 measured tension oscillations of relatively small amplitude (a few tens of micrograms) in bundles of canine cardiac myofibrils 2 to 7 ,um wide. The oscillations had a period of approximately 3 seconds and exhibited an asymmetrical waveshape: a rapid drop of tension was followed by a slow increase. The authors also observed a rapid lengthening of some sarcomeres, similar to the characteristics found in the present study, and explained this phenomenon as a yielding to other sarcomeres that were contracting. It was hypothezised that the rapid stretch of some sarcomeres could cause an increase in their Ca' sensitivity, and as a result, the stretched sarcomeres would begin to contract. Because of the imposed load, contraction would proceed slowly. Slow shortening and rapid lengthening would alternate, resulting in periodic oscillations, as observed. Although this hypothesis explains the asymmetry of contraction and can therefore account for some of our observations, it does not address the issue of propagation from sarcomere to sarcomere.
Another observation about myofilament-generated oscillations has been made in skeletal muscle preparations, including single myofibrils. [32] [33] [34] In these preparations, spontaneous tension and SL fluctuations were induced by Mg-ADP and inorganic phosphate coexisting with Mg-ATP in the absence of Ca>. It is worth mentioning that the oscillation characteristics reported in these studies bear similarities to the ones seen here. The authors put forth a hypothesis involving an actomyosin-ADP-induced suppression of the inhibitory function of the troponin complex. Alternating activations by ADP and deactivations by inorganic phosphate were suggested to cause the oscillations. Although this hypothesis explains the oscillations seen under the particular experimental circumstances of those studies, it does not address the Ca>2 dependence of oscillations seen in our experiments.
A third type of oscillation that does not involve SR is stretch activation. This phenomenon is described not only in insect flight muscle35 but also in heart36 and skeletal37 muscle. When Ca92-activated specimens are stretched and released at a critical frequency, the muscle is able to produce work. In rabbit heart at room temperature, this frequency lies between 0.3 and 0.5 Hz.38 Interestingly, this frequency is similar to 0.58 Hz (calculated from period of 1.72 seconds) at a temperature of 20°C measured here. Thus, the two phenomena may be connected.
Spontaneous oscillations have also been reported in single bullfrog atrial myofibrils.39 These oscillations occur at intermediate activation levels, with a relatively high frequency (a few times per second). Such oscillations were thought to be a result of a "tug-of-war" between healthy sarcomeres, which exhibit a normal course of force development, and damaged sarcomeres, which were assumed to develop active tension more slowly and with lower magnitude. (The damage was thought to be due to excessive stretch during myofibril preparation.) The findings of the present study are different, however, in significant ways: (1) The oscillations in bullfrog atrial myofibrils were not propagated, whereas in our case they were. (2) The frequency of oscillation differed by approximately one order of magnitude. (3) In contrast to severe SL inhomogeneities found after several minutes of oscillation in the bullfrog myofibrils, we observed quite homogeneous SLs even when the oscillations were terminated (by EGTA-induced relaxation) after 1 hour. These differences render it unlikely that the propagated oscillations described here are due to myofibril damage. This conclusion is supported by the fact that spontaneous oscillations of which tension per myofibril at full activation is higher than in intact single fibers40 and in larger preparations that have not been subjected to the shear forces attendant with preparation of myofibrils. 41, 42 Finally, another hypothesis that has been put forth to explain these oscillations is based on a field theory of muscle contraction developed by Iwazumi.43 From this hypothesis, it can be deduced that oscillations are expected to occur at certain Ca2+ concentrations and SLs. At an SL at which thin filaments begin to enter the bare zone, the A-band position is predicted to fluctuate, thereby giving rise to tension fluctuations.44 However, it is not obvious how this theory explains the issue of propagation along the myofibril and the relatively high oscillation amplitude at SLs well above 2.2 gm.
Toward a Mechanism
An obvious possibility is that the oscillatory contractions are caused by inhomogeneity of Ca> along the myofibril. However, diffusion coefficients for Ca'+ (10 to 10-7 cm2_ S-1)45 are high enough that the ion distribution in a single myofibril approximately 1 gm in diameter is expected to remain nearly uniform.46
Alternatively, several key proteins of the myofibril could be involved. One potentially relevant structure is titin. Titin connects thick filaments with the Z disk and bears a considerable fraction of the resting tension.47 However, titin seems unimportant to the present phenomenon because, after tryptic digestion of this protein, oscillations were found to be unchanged.34,48 Another candidate is troponin C. After partial extraction of endogeneous troponin C, spontaneous oscillations in single cardiac cells devoid of SR could be eliminated,18 implying that the oscillations might arise from cooperative responses within the thin filament. One problem with this interpretation is that both proteolytic digestion and partial protein extraction might not be selective in removing only titin or troponin C but could have unsuspected side effects on other proteins necessary for contraction as well. Thus, one cannot be certain whether any of these proteins is specifically involved.
Other factors that could be potentially relevant are the levels of tension and Ca2+. Both are altered when the myofibril is activated, and since the oscillations occur only at submaximal activation, either could be critical. The role of calcium will be considered later in this section. If the specific tension level had an effect on the oscillations, one would anticipate a decrease of oscillation amplitude with increased inorganic phosphate, which depresses force development.49 However, in our experiments using inorganic phosphate, we did not observe such an amplitude decrease. Thus, we conclude that submaximal tension level per se is not critical: the exact level is unimportant for the oscillations. To hypothesize a mechanism, it is helpful to summarize the major oscillation characteristics: (1) asymmetry of SL oscillation (slow shortening followed by rapid lengthening), (2) propagation, (3) amplitude diminution with stretch, (4) amplitude decrease with Z-disk stiffening, (5) period unchanged with stretch or Z-disk stiffening, and (6) low Qlo (approximately 1.3) for both oscillation frequency and propagation velocity. Of the hypotheses proposed to date and described in the previsimilar nature occur in single skeletal myofibrils in ous section, none can explain all of these observation,,,.
We propose a hypothesis built around the mechanism suggested by Fabiato and Fabiato17 because it speaks most directly to our observations. In this hypothesis, length-dependent sensitivity of the myofilaments to Ca> is critical for the oscillations. Suppose a given sarcomere reaches Ca> activation threshold and begins shortening. Shortening occurs progressively until, by the process of deactivation,50 which is thought to be due to unbinding of Ca> from troponin C, contractility of the shortening sarcomere is progressively diminished.51 The increasingly deactivated sarcomere yields at some point to other contracting sarcomeres and is thus stretched. Stretch confers an increase of Ca> sensitivity,52 which restores the contractility of the sarcomere and reinitiates the cycle. The hypothesis accounts for steady shortening followed by rapid stretch.
A mechanism of this sort will evidently work only if both shortening-induced deactivation and stretch-induced increase of Ca>2 sensitivity are large effects. Indeed, it is just at the intermediate levels of activation at which the oscillations are found that both effects are most pronounced50,52; at higher or lower levels of Ca2+, they are considerably less obvious.
The proposed mechanism explains several of the phenomena listed above. We found, for example, that stretch had little effect on oscillation period. A priori, one might anticipate a shorter oscillation cycle with stretch since the higher Ca>2 sensitivity at extended lengths should give rise to more rapid shortening; however, the higher tension load associated with these stretched lengths would be expected to decrease the shortening velocity.33 Cancellation of these two effects might explain why the period was little affected by stretch. As for oscillation amplitude, the increased load attendant with stretch may act to prevent extensive shortening. This would account for the observed diminution of oscillation amplitude with stretch.
We also tested whether stiffening of the Z line would inhibit the oscillations. Recent reports by Goldstein and colleagues5354 have shown that the lattice of thin filaments within the Z line can exist in two states, one laterally expanded and the other contracted, depending on the Ca>2 level. Since local Ca>2 fluctuations during the oscillations are predicted by our hypothesis, we therefore expect these fluctuations to strongly affect Z-line structure: at intermediate Ca2+ levels such as those at which the oscillations are manifested, the Z line lies at the threshold between these two states. Thus, fluctuations of Ca>2 around the intermediate level are expected to produce distinct spacing changes within the Z line. If these changes are critical to the presence of the oscillations or, in terms of our hypothesis, for the binding and unbinding of Ca2+ to troponin C, then inhibition of the changes should inhibit the oscillations. Indeed, when we stiffened the Z line by the addition of anti-a-actinin, we found that the oscillations were depressed in a dose-dependent manner (Fig 7) . It appears, therefore, that dynamics of the Z line may play an important role in the genesis of the oscillations.
As for propagation of the oscillation, the most likely agent is mechanical. This view is supported by the low Q1o value for propagation velocity of approximately 1.3. One possibility is that the shortening of one sarcomere causes stretch of the adjacent sarcomere, thereby sustaining the oscillation. The potential difficulty with such a hypothesis is that the tension generated by the shortening sarcomere is shared equally by all sarcomeres in series and should not, therefore, result in propagation along the specimen in a regular fashion. However, one can envision a more localized kind of mechanical propagation in which, again, the Z-disk structure is a critical feature: Given the elasticity and the zigzag nature of the Z line,27,28 local mechanical forces could well be transmitted from a thin filament in one sarcomere to the respective thin filament in the next sarcomere. Thus, propagation by mechanical forces can explain the sarcomere-to-sarcomere propagation.
In summary, the mechanism of generation and propagation of the oscillations is not entirely clear, although the data allow for the advance of a reasonable hypothesis, which can be tested further. What does appear to be clear is that the oscillations can occur in the absence of SR. Since several characteristics of these oscillations are similar to SR-dependent oscillations, it is tempting to conclude that an essential aspect of the oscillation resides in some element common to both preparations: the myofilaments. It appears, further, that for the occurrence and propagation of the oscillations the dynamic structure of the Z line may be critical.
